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EFFECT OF HARDNESS AND OTHER MECHANICAL PROPERTIES ON
ROLLING-CONTACT FATIGUE LIFE OF FOUR
HIGH-TEMPERATURE BEARING STEELS

By Thomas L. Carter, Erwin V. Zaretsky
and William J. Andersocon

SUMMARY

The fatigue spin rig and the five-ball tester were used to determine
the rolling-contact fatigue life at room temperature of groups of AISI
M-1, AIST M-50, Halmo, and WB-49 alloy steel balls tempered to various
hardness levels. Nominal test conditions included 800,000-psi maximum
theoretical (Hertz) compressive stress and a synthetic-diester-base lubri-
cant. The fatigue-life results were compared wilth: material hardness,
resistance to plastic deformation in rolling contact, and previously
published tensile and compressive strength data for these same heats of
material. The following results were obtained.

Rolling-contact fatigue life and load-carrying capaclty of each of
the four alloy compositions studied increased continuously as material
hardness increased. The improvement in load capacity was in the order
of 30 to 100 percent over the hardness range tested. No maximum fatigue
life or load capacity at intermediate hardness values was observed.

The fatigue results obtained in this investigation did not correlate
with previously published tension and compression strength data for bar
specimens from the same heats of material, which showed an apparent opti-
mum strength at intermediate hardness values. This investigation, how-
ever, showed that resistance to permsnent plastic deformation of specimens
in rolling contact increased continuously with inecreasing hardness. These
conflicting trends of resistance to plastic deformation as measured with
contacting spheres and as measured by elastic limit and yleld strength
of bar specimens indicate that very hard bar specimens may be susceptible
to significant overstressing because of eccentric loading.

Only minor differences in metallographic structure were observed
for the different hardness levels of each alloy considered. The softer
balls tended to have more and larger fine (precipitated) carbides and
greater definition of tempered martensite. Percent retained austenite
decreased with lower hardness (higher tempering temperature).




INTRODUCTION

As a part of the overall attempt to improve the operating life of
rolling-contact bearings, much effort 1s being spent on relating the
effect of various material properties to the fatigue life of the bearing
elements. Any correlation between an easily measured property of bearing
materials and rolling-contact fatigue life may be very helpful in screen-
ing potential bearing materials.

Elastic 1imit and hardness are, respectively, measures of the mini-
mum stress required for, and the resistance to, permanent deformation of
a material. Although material fatigue can occur at stress levels con-
siderably below that associated with plastic deformation, yield strength
and resistance to impression (hardness) are basic measures of material
strength and hence offer promise of correlation with fatigue life. Al-
though the rate of strain used in determining both properties is low
compared with that encountered in high-speed rolling-contact bearings,
the rate used in determining hardness is somewhat higher than that of
the elastic-limit determination. Furthermore, the stress pattern gener-
ated by the contact of the hardness indenter is more similar to that of
bodies in rolling contact than is the stress pattern in a tension or
compression test specimen. For these reasons, hardness may be a meas-
urable material property that correlates with fatigue.

It is well known that mechanical strength increases with increasing
material hardness (ref. 1). Single ball tests have shown an increase in
life with higher hardness (ref. 2). Furthermore, unpublished full-scale
bearing data show an improvement in rolling-contact fatigue life with
increasing material hardness. These data did not include, however, the
ultimate hardness obtainable.

The work of Muir, Averbach, and Cohen (ref. 3) has shown, for the
materials they tested, that mechanical-strength properties increase with
higher hardness to a maximum and then decrease at very high hardness
values. This suggests that maximum rolling-contact fatigue life for a
given alloy composition may also be obtained at a hardness level below
the maximum obtainable for that material.

The object of the research described herein was to investigate the
effect of material hardness on the rolling-contact fatigue life of sev-
eral tool steels and to compare fatigue-life results with other material
properties associated with hardness. These material properties include:
resistance to plastic deformation and wear, percent retained austenite,
elastic limit, yleld strength, and ultimate strength in both tension
and compression. All experimental results for a given alloy composition
were obtained from the same heat of material.
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APPARATUS

The rolling-contact fatigue spin rig (figs. 1(a) and (b)) and the
five-ball fatigue tester (figs. 1(c) and (d)) were used in these tests.

Fatigue Spin Rig

The fatigue spin rig is described in detail in reference 4. Essen-
tially it consists of two balls driven at high speed on the inner sur-
face of a race cylinder by an air jet (fig. 1(b)). Loading is applied
by centrifugal force. Instrumentation provides for speed control and
automatic fallure detection and shutdown. .

Five-Ball Fatigue Tester

The five-ball fatigue tester essentially consists of a driven test
ball pyramided upon four lower balls positioned by a separator and free
to rotate in an angular-contact raceway. Specimen loading and drive is
supplied through a vertical shaft. By varying the pitch diameter of
the four lower balls, bearing contact angle ¢ (fig. 1(d)) may ve con-
trolled. By utilization of a failure-detection and shutdown system,
long-term ummonitored tests were made possible.

Lubrication was accomplished by introducing droplets of synthetic
diester fluid lubricant, Mil-1L-7808, Iinto an airstream directed at the
test specimen. Lubricant flow rate was controlled by adjusting the
pressure upstream of a long capillary tubej the pressure drop through
the capillary was sufficlent to give excellent control for the small
flow rates required.

The specimen was loaded by dead weights acting on the spindle
through a load arm. Contact load was & functlion of the applied load
and the contact angle. For every one revolution the spindle made, the
test specimen was stressed three times. Analysis of this is shown in
appendix A.

The bearing housing assembly was supported by rods held 1n flexible
rubber mounts (fig. 1(c)). Positioning of the rods and rubber mounts
provides for alinement of the raceway and four lower balls with the upper
test ball and drive shaft. Minor misalinements are absorhbed by the
flexible rubber mounts. Vertical oscillations of the drive shaft created
by rig vibration are dampened by the rubber mounts. Such vibrations, if
not dempened, will increase the stress level of the ball specimen, thus
influencing fatigue-life results.



Choice of test-specimen rotative speed was provided through step
pulleys driven by an electric motor. A magnetic pickup feeding an elec-
tronic counter -provided for precise speed measurement.

Ambient temperature was measured with a thermocouple in contact with
the raceway containing the freely rotating lower balls. Temperature
calibrations show that the temperature recorded by the thermocouple was
within 1 percent of the test-specimen ambient temperature.
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Tegt Specimens

Ball specimens of 9/16—inch diameter were made from AISI M-1, AISI
M-50, and Halmo tool steels having the nominal chemical compositions
shown in table I. These specimens were fabricated from the same heats
of material as were used to fabricate bar specimens used by another in-
vestigator to establish tension and compression strengths for these al-
loys (refs. 5 and 6). This identity of material origin makes possible
the direct comparisons of ball and bar tests that are discussed later.
Ball specimens of 1/2—inch diameter were made from WB-49 tool steel hav-
ing the nominal composition shown in table I.

Groups of balls from each of these four materials were heat-treated
to give the range of hardness, in three or four increments, shown in
table II. For each alloy composition the tempering temperature was the
only variable in specimen preparation, and thus the controlled variable
was material hardness.

Race cylinders for the spin rig were made from the same heats of
ATIST M-1, AISI M-50, and Halmo as the ball specimens. All cylinders
from the same alloy received the same fabrication and heat treatment so
that they had the same hardness (Rockwell C-62 to 63). Thus, cylinders

run with the varying hardness ball groups of a given alloy were nominally
identical.

PROCEDURE

The support balls for the five-ball tester were grouped in sets of
four having dlameters matched within less than ten-millionths of an inch
to insure even loading of the test specimen at all four contact polnts.

Before assembly, all test-section components were flushed and
scrubbed with absolute ethyl alecohol and wiped dry with clean cheese-
cloth. Before running, the test specimens were weighed, measured, and
examined for Imperfections at a magnification of 60. Before a test was

begun, the specimens and all contacting surfaces were coated with test
lubricant.




+ LR,

oy

E-524

After completion of a test in the fatigue spin rig, the race track
was examined visually for imperfections. If the track on the spin rig
cylinder was falled, the tests would be resumed on a new track in the
same cylinder. Likewise, in the five-ball tester the support balls were
examined. All four support balls were replaced if a fatigue spall or

- mechanical damasge was found in any one of them.

Speed and oil flow were monitored and recorded at regular intervals.
Tests were run at an ambient temperature of about 75° F in the spin rig
and sbout 150° F in the five-ball fatigue tester. The higher temperature
in the five-ball fatigue tester was caused by frictional heating.

The stress developed 1n the contact area under a particular loasd
was calculated by using the modified Hertz formula given in reference 7.

Total running time for each specimen was recorded and converted
into total stress cycles. Failure data were plotted on Weibull paper,
which is & plot of the log log of the reciprocal of the probability of
survival against the log of the stress cycles to fallure. A more de-
tailed description 1s given in reference 8. From this plot, the number
of stress cycles necessary to fail any given portion of a specimen group
may be determined. The 1O0-percent 1ifé, which is the number of stress
cycles within which one-tenth of the specimens can be expected to fall,
is determined by this method and is used as a value for fatigue life.

Measurement of Deformation and Wear

Deformation traces of the test specimens were made on a Talyrond
Contour Tracer. By use of this machlne the effect of the number of
stress cycles and test conditions on permenent deformation was studied.
Deformation produced on surfaces in rolling contact takes three basic
forms: (1) elastic deformation due to contact stresses, (2) plastic
deformation due to excessive stresses and repeated loading, and (3) wear
of the contacting surfaces due to relative sliding. The first shows no
effect on the specimen profile upon removal of the load. The latter two
result in the permanent alteration of the ball. Figure 2(a) is a dia-
gram of the transverse section of a ball surface showing this condition.
A diagram of a Talyrond trace of this transverse section, which magnifies
deviations from a true sphere, would appear as shown in filgure z(b).

The profile in figures 2(a) and (b) shows that the material has
been added to the surface immediately adjacent to the running track.
The region of increased volume extends approximately one track width on
either side. If wear did not take place, the volume of material added
to the region adjacent to the track should equal the volume of material
displaced from the track itself since steels are essentlally incaompres-
gible. However, this 1s not the case. The volume lost in figure 2 is
much greater than the volume gained. The difference represents material
removed by wear.



It should be noted that the radial distance on a Talyrond trace
such as shown schematically in figure Z(b)'is of a much higher magnifi-
cation (X2000) than the circumferential distance (X30). From figure 2(b)
it can be seen that, due to the convergence of the transverse distance
in areas closer to the center, the areas of deformation and wear cannot
be measured directly. To accurately measure the areas, the Talyrond
trace is projected at X5 magnification and drawn on polar grid paper.
The converging transverse distances are then adjusted mathematically to
compensate for the unequal magnification. The areas of deformation
and of deformation plus wear on the trace were measured by use of a
planimeter, and their volumes were calculated. The wear volume is
the difference between these two volumes.

Retained Austenite Determinations

The percent by volume of retained austenite in the metallographic
structure was determined by X-ray diffraction techniques for specimens
from each of the heat treatments of the four alloys studied. A series
of calibraticon specimens with a known percent austenite was prepared by
inserting austenitic stainless-steel wires in a cross section of low-
carbon (ferritic) steel. The intensity of a diffraction line character-
istic of austenite was measured for the known specimens, and a calibra-
tion curve of percent austenite against diffraction-line intensity was
plotted. This calibration was used toc determine the percent retained
austenite given in table II in the metallographiec structure of the balls
receiving the various heat treatments.

RESULTS AND DISCUSSION
Rolling-Contact Fatigue Studles

Groups of 9/16-inch-diasmeter ATISI M-1, AISI M-50, and Halmo steel
balls having material hardness as the controlled variable were tested in
the fatigue spin rig. ©Standard test conditions were room temperature
(no heat added), a synthetic diester lubricant, and a ball loading that
produced a maeximum theoretical (Hertz) compressive stress of 800,000 psi
per square inch. WB-~49 steel balls of l/2-inch dismeter having hardness
as the controlled varisble were tested in the five-ball tester under the
same standard test conditions. Specimen groups from each of the four
alloys were heat-treated according to the schedule of table II to give
increments of material hardness.

AISI M-l balls. - Rolling-contact fatigue-life results for Rockwell
C 62, 64.5, and 66 AISI M-1 specimen groups are given as Weibull plots
in figures 3(a) to (c). Figure 3(d) is g2 sumary fi%ure showing 10-
percent fallure lives of 97x106, 570x10° , and 695x10° stress cycles,
respectively.
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AISI M-50 balls. - Results for Rockwell C 60, 60.5, 62, and 63 AISI
M-50 balls are given as Weibull plots in figures 4(a) to (d). A summar

of these results in figure 4(e) shows 10-percent failure lives of 65x10 3

llelO l76x106, and 182X10° stress cycles, respectively.

Halmo balls. - Because of speed limitations of the test apparatus,
the test stress for this alloy was reduced from the standard stress of
800,000 psi to 750,000 psi. Other conditions remained standard. The
fatigue lives of ball groups having hardnesses of 59, 60, and 62 on the
Rockwell C scale are given in figures 5(a) to (c¢c). For comparative pur-
poses a second line showing actual life was adJusted to that expected at
the standard test stress. Thils adjustment was made according to the

inverse 10th power relation between life and stress previously reported
for the spin rig in reference 8. Figure 5(d) is a summary of these ad-
Justed Weibull plots showlng 10-percent failure lives at standard test

conditions of 4Lx106, llelOG, and 350x106 stress cycles, respectively.

WB-43 balls. - Thils material was tested in the five-ball tester,
where speed limitations were not a controlling factor over the wide
range of hardness Vvalues investigated. Although the standard test con-
ditions were employed, the rolling veloclty and area of the running
track were lower than in the spin rig and the smount of relative sliding
between the contacting surfaces (w; sin g, fig. 1(d)) was greater be-
cause of the effect of contact angle (fig. 1(d)).

Rolling-contact fatigue lives for groups of balls having Rockwell C
hardnesses of 55, 60, 65, and 68 are given in figures 6(a) to (d). Fig-
ure 6(e) is a summary of Weibull plots for these specimen groups showing
10-percent failure lives of 1.7x106, 4.3x106 s 5.8x10 and 27.5x106
stress cycles, respectively.

Discussion of fatigue lives. - Figures 3(d), 4(e), and 5(d) show a
continuous increase in 1lO-percent rolling-contact fatigue failure life,
as measured in the fatigue spin rig, with increasing material hardness
for AISI M-1l, AISI M-50, and Halmo alloy steels, respectively. This
trend was also present in the longer lived specimens, as measured by the
50~percent failure 1life for AISI M-l and Halmo. At the highest hardness
level, AISI M-50 had lower scatter than the other alloys and showed a
reduced 50-percent life. The WB-49 five-ball-tester specimens (fig.
6(e)) showed an increase in both the 1l0-percent and 50-percent fatigue
failure lives with increasing hardness. Early failure 1life (10 percent)
is the more important criterion for evaluating the material because of
the high degree of bearing reliability required in aircraft and space-
craft systems. Therefore, further discussion is based on the 1l0-percent
failure life,




Figure 7 is a plot of 10-percent life against hardness for the three
alloys studied in the fatigue spin rig (0° contact angle) and for WB-49
alloy studied in the five-ball tester (40° contact angle). Figure 7
shows that there 1s a general trend toward longer fatigue life wlth in-
creased material hardness.

The results for AISI M-50 (fig. 4) are in good agreement with those
given in reference 2, which show progressive increase in fatigue life
with higher material hardness. These results are in contrast with the
conclusions of reference 9, which assert that there is a maximum 1life
for AISI M-50 at intermediate hardness values. However, the conclusions
of reference 9 are based on a complex empirical life equation that must
show a maximum, regardless of the experimental results, because of its
assumed quadratic form. Only limited data are available at the hardness
level (Rockwell C-64) producing the purported maximum in life. In ref-
erence 9, at the calculated optimum value of surface finish and grain
size, no data were taken in the range above the optimum hardness where a
deterioration in 1life 1s reported to exist. Data are not available at
the intermediate hardness level (C-62) under the same test conditions
as the C-64 data. Therefore, it is not possible to check the existence
of a maximum directly without the use of the complex empirical quadratic
form.

An important criterion of bearing strength 1s load-carrying capacity.
Load-carrying capaclity of the four alloys may be calculated at the vari-
ous hardness levels from the fatigue-life results summarized in figure 7.
Load capacity, contact load, and life are related by the equation

C=P n-\/LN

where

C load capacity, or the contact load in pounds that will produce
fallure of 10 percent of the test specimens in one million stress
cycles

P actual contact load in pounds
LN actual 10-percent life in millions of stress cycles

n an exponent relating load and life, usually taken as 3 for bearing
steels

Load capacity for each hardness level of the four alloys studied and the
reductions in load capacity of softer specimen groups relative to the
hardest groups are given in the following table (the variations in con-
tact load P are due to differences in geometrical conformity):
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Material Hardness, P Ly c Ratio of C

Rockwell C- (fig. 7) to hardest

in group
AISI M-1 62 875 97 4020 0.518
(spin rig) 64.5 875 570 7240 .934
66 875 695 7750 1. 000
AISI M-50 60 875 65 3520 0.711
(spin rig) 60. 5 875 116 4270 . 862
62 875 176 4890 .989
63 875 182 4950 1.000
Halmo 59 875 41 3070 0. 498
(spin rig) 60 875 110 4160 . 676
62 875 350 6160 1.000
WB-49 55 173 1.7 206 0. 394
(five-ball 60 173 4.3 281 .538
tester) 65 173 5.8 303 . 580
68 173 27.5 522 1.000

) CB-2

These calculations show that a large variation in load capacity may be
produced by control of material hardness within the range (above c-58)
applicable to bearing steels and that the highest hardness of a given
alloy shows the highest load capacity. Although life data in this table
are for the same contact stress, specimen loads producing this stress
varied because of differences in contact geometry; and thus load capac-

ities for tests run under different ball loads cannot be compared directly.

The improvement in load capacity with higher hardness shown in this
table has been observed experimentally with full-scale bearings. Fig-
ure 8 shows the load capacity as a function of hardness for SAE 52100
steel bearings tested by the Marlin-Rockwell Corporation along with the
results of the present investigation, which are included for comparative
purposes.

Effect of Hardness on Mechanical Strength

Several Investigators have reported an increase in mechanical-
strength properties such as elastic limit, yleld strength, and ultimate
strength in both tension and compression with increasing material hard-
ness (refs. 3 and 10). At hardness values approaching the ultimate at-
tainable hardness for a given alloy composition, these investigators
have observed a peak in the measured strength values and subsequent loss
in measured strength at higher hardness values. These observations sug-
gest a possible maximum in rolling-contact fatigue life at an inter-
mediate hardness level close to the maximum for a particular alloy.
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As a part of a coordinated research effort, of which the fatigue
data reported herein are a portion, the elastic limit, yield strength,
and ultimate strength in both tension and compression as a function of
hardness were measured for bar specimens from the same material heats
of AISI M-1, AISTI M-50, and Halmo as were used to produce the rolling-
contact fatigue data reported in figures 3, 4, and 5. Figures 9 and 10
are plots of mechanical strength in tension and compression, respective-
ly, for these alloys. These data were previously published in references
S and 6. Trends similar to those shown in references 3 and 10 were ob-
served. In generael, an increase in mechanical strength with higher hard-
ness was observed up to an optimum hardness, after which strength tended
to deteriorate at very high hardness values. This deterioration in
strength could be produced by minor eccentricities in loading that would
cause higher than nominal stresses in very hard specimens and hence pro-
duce an gpparent loss in strength. As stated by the authors of refer-
ence 5, the deterioration in strength at very high hardness may be due
to residual stresses not relieved at the low tempering temperature used
to produce the highest material hardnesses. An indication that residual
stresses are not responsible for loss in strength at very high hardness
is provided by the SAE 52100 data given in references 5 and 6. This
steel shows maximum strength at an intermediate hardness, as do the tool
steels in figures 9 and 10. However, rotating-beam fatigue-1life results
for this 52100 steel given 1in references 5 and 6 do not show a maximum
at an Intermediaste hardness. Since residual stresses are in tension at
the surface and therefore additive in the rotating-beam test, a maximum
at an Intermediaste hardness and subsequent loss in life at the highest
hardnesses would be anticipated if residual stresses of significant mag-
nitude were present. The fact that no loss in rotating-beam fatigue
life was observed at very high hardnesses indicates that residual stresses
are not the primery cause of loss in strength of very hard bar specimens.

$25-%

The apparent decrease of elastic modulus at higher hardness values
(fig. 11) may be further evidence of overstressing due to eccentric
loading. These results (from ref. 6) are for the same heats of mate-
riael as the bar specimens of figures 9 and 10 and the ball specimens
of figures 3 to 5. Higher than nominal stresses would produce a greater
aemount of strain and hence reduce the ratio of nominal stress to actual
strain, which is the measured elastic modulus.

The observed mechanical strength properties from references 5 and
6 do not correlate with the observed rolling-contact fatigue life re-
sulting for AISI M-1, AISI M-50, and Halmo. Mechanical strength was
highest at an optimum intermediate hardness and somewhat lower at the
highest hardness values, while fatigue life improved continuously with
higher hardness. This may be due to a true lack of correlation between
mechanical strength and fatigue life, or to the presence of undetected

stress concentrations caused by eccentricities in loading of the hardest
tension and compression test specimens.
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Deformation and Wear Studies

Spin-rig specimens. - Wear and plastic-deformation volumes for three
l/Z-inch AISI M-1 spin-rig ball specimens having hardnesses of Rockwell C
62, 64.5, and 66 were measured from transverse surface profile traces
(fig. 2) of the ball's running track. These specimens were run for
1. 7x107 stress cycles under the same test conditions as the AISI M-1
fatigue specimens reported in figure 3. Filgure 12 is a plot of wear and
deformation volume as a function of ball hardness. A general trend to-
ward decreased wear and deformation volume with higher material hardness
is observed.

Five-ball tester specimens. - Balls of l/2-inch diameter from each
of the three hardness levels of AISI M-1, AISI M-50, and Halmo tool
steels and the two highest hardness levels of WB-49 steel were run in
the five-ball fatigue tester as wear and deformation specimens. These
balls were run at a 40° contact angle to a total of 10,000 stress cycles
under a load that produced 750,000-psi maximum theoretical (Hertz) com-
pressive stress. Wear and deformation volumes were measured from trans-
verse surface profile traces of the ball's running track. Figures 13(a)
to (d) are plots of these volumes against material hardness. In each
case a general trend toward decreased wear and deformation volume with
higher material hardness was observed.

Discussion of deformation and wear results. - The plastic deforma-
tion measurements compilled in figures 12 and 13 offer a possible method
of checking the validity of the mechanical-strength results at high
material hardness. Elastic limit and yield strength are measures of
the susceptibility of a material to plastic deformation. Thus, a de-
crease in actual elastic limit and mechanlcal strength should be accom-~
panied by an increase in the degree of plastic deformation. Figures 12
and 13 show that the hardest specimen from each of the four alloys showed
the least volume of plastic deformation. This indicates an increase in
the actual elastic limit and yleld strength at hardness levels In the
range where tension and compression tests showed a decrease in these
properties. The deformation measurements were made from spherical speci-
mens that are of necessity concentrically loaded. The conflicting re-
sults with sphere and bar specimens may be due to extraneous bending
stresses generated by eccentric loading in the bar specimens. Actual
elastic limit and yield strength may continue to increase at the highest
hardness levels, contrary to the apparent trends established with bar
specimens in tenslon and compression.

The continuous improvement in resistance to plastic deformation of
AISI M-1, AISI M-50, and Halmo with higher material hardness does cor-
relate with the observed upward trends of rolling-contact fatigue 1llfe
for those materials. Thus, while the true elastic 1limit may correlate
with fatigue life, inherent difficulties in testing very hard bar speci-
mens may preclude an accurate determination of the true elastic limit,
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The increased resistance to mechanical wear shown in figures 12 and
13 agrees wlth previously reported theoretical and experimental results.
Burwell in reference 11 states that wear volume for a given material,
load, and distance of sliding is proportional to the reciprocal of hard-
ness. The experimental results reported in reference 12 show a decrease
in wear volume with higher material hardness.

Metallographic Structure

¥2S-H

The different tempering temperatures used to produce the variation
in hardness for each of the four materials studied produced only minor
modifications in metallographic structure. Photomicrographs of these
structures are shown 1n figures 14 to 17. The softer balls tended to
have larger, more numerous precipitated carbides and greater definition
of tempered martensite. Previous metallographic studies (ref. 13) have
shown that carbides acting as stress raisers can cause severe localized
matrix damage, which produces incipient fatigue cracking. Variation in
carbide size and distribution caused by variations in tempering temper-
ature may be an important contributor to the observed variations in
fatigue life.

The percent by volume of retained austenite for these various heat
treatments of the four alloys studied is given in table II. The percent
retained austenite 1ncreased with decreasing tempering temperature and
increasing material hardness.

One of the practical requirements of a bearing-material heat-
treatment schedule 1s control of retained austenite. Volume changes
resulting from in-service austenite transformation are detrimental to
precision bearing operation. Castleman, Averbach, and Cohen (ref. 14)
have shown that retalned austenite has a deleterious effect on mechanical-
strength properties in AISI 2340 steel. Thus, aside from the-volume-
change problem, the percentage of retained austenite in the microstructure
may influence rolling-contact fatigue life of tool steels. Since the
amount of retained austenite is controlled by tempering temperature and
is hence related to hardness, it is difficult to evaluate independently
the effect of retained austenite on fatigue life. However, in the ex-
periments reported herein, if there was any detrimental effect on fatigue
life because of the presence of greater smounts of the soft retained
austenlte phase in the microstructure of the harder specimen groups, it
was of lesser magnitude than the beneficial effect of the higher material
hardness.

Cleanliness ratings for the four steels studled are given in table
III. Prior austenite AS™ grain size 1s given in table II. Since only
the tempering temperature was varied between speclmen groups of each
alloy, cleanliness and prior austenite grain size were held constant for
each alloy composition.
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Effect of Ball Hardness on Race Fatigue Life

The AISI M-1, AISI M-50, and Halmo ball specimens were run agalinst
race cylinders made, respectively, from the same heats of material. All
race cylinders from a given alloy were given the same heat treatment;
therefore, they had the same hardness and may be considered nominally
identical. Figures 18 to 20 are Weibull plots of fatigue life for the
three cylinder materials. Each was run against the groups of differing-
hardness-level balls of the same alloy. Figures 18(d), 19(d), and 20(d)
each show a slight increase in 10-percent fatigue failure life for
cylinder specimens run against the harder ball groups.

CONCLUDING REMARKS

The rolling-contact fatigue studies reported herein show that life
improves with increased material hardness. No optimum intermediate
hardness or loss 1in life at very high hardness was observed. This re-
lation between fatigue life and hardness has also been observed with
full-scale bearlings. Deformation studies also showed a continuous up-
ward trend of resistance to plastic deformation with Increased hardness
paralleling the observed Improvement in fatigue 1life. However, a con-
tinuous upward trend in mechanical strength was not observed with tension
and compression tests of bar specimens made from the same material heats
as the rolling-contact fatigue specimens.

It is of interest to note that the type of stress pattern produced
in the bar specimens is fundamentally different from that which exists
in contacting spherical bodies. Bar specimens have an equal stress dis-
tribution across the test specimen, and the stress is limited by the
strength of the materisl. Contacting spherical bodies deflect from the
initial point contact to produce & finite contact area that supports the
applied load. The pressure profile is elliptical across the contact
area, varying from zero at the edge to a maximum at the center. This
maximum pressure may be much higher than the yleld strength of the
material. Gross plastic deformation is avolded because of confinement
of the locallzed, highly stressed material by the surrounding unstressed
material outside the contact area. However, relatlively small amounts
of permanent plastiec deformation are detectable in rolling-contact
specimens after repeated rolling on the same track. This is a potential
fatigue mechanism, since 1t involves successive disruptions of the
metallic crystal structure. Plastic deformation can take place, al-
though on a much smaller scale, at stress levels within the normal
bearing operating range (ref. 15).
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The stress pattern of an indentation hardness test and the plastic
deformation it produces are somewhat similar to those of rolling spheres,
only more severe. Hardness 1s a measure of mechanical strength under
conditions approximating that of bodies in rolling contact. Thus, hard-
ness or a simple plastic deformation test with a rolling-contact element
may be a more valid estimate of relative fatigue 1ife for different heat
treatments of a given alloy than tenslon or compression tests of bar
specimens.

SUMMARY OF RESULTS

The fatigue spin rig and the five-ball tester were used to determine
the rolling-contact fatigue life of groups of AISI M-1, AISI M-50, Halmo,
and WB-49 alloy steel balls tempered to various hardness levels. Tests
were run at room temperature and 800,000-psi maximum theoretical (Hertz)
compressive stress with a synthetic diester lubricant, Mil-L-7808.
Material hardness, resistance to plastic deformation of specimen in
rolling contact, snd previously published tensile and compressive strength
data for bar speclmens for these same heats of material were compared with
the fatigue-life results. The following results were obtained:

1. Rolling-contact fatligue life and load-carrying capaclity of each
of the four alloy compositions studied increased continuously with higher
material hardness. The improvement in load capacity was in the order of
30 to 100 percent over the hardness range tested. No maximum fatigue
life or load capacity at intermediate hardness values was observed.

2. These fatigue results did not correlate with previously published
tension and compression strength results for bar specimens from the same
heats of material, which showed an apparent optimum strength at inter-
mediate hardness values. This may be due to a true lack of correlation
between fatigue life and mechanical strength or to errors in loading of
the hardest tension and compression specimens.

3. Resistance to permanent plastic deformation of specimens in
rolling contact showed a general increase with increasing hardness.
Since the stress pattern in a hardness test is similar to that of bodies
in rolling contact, some measure of resistance to plastic deformation
may be a qualitative estimate of relative fatigue lives of different
heat treatments of a given alloy composition.

4. Only minor differences in metallographic structure were observed
for the variocus hardness levels of each alloy considered. The softer
balls tended to have more and larger fine (precipitated) carbides and
greater definition of tempered martensite. Percent retained austenite
increased with higher hardness (lower tempering temperature).

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, December 9, 1959

$3S-d
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APPENDIX - STRESS-CYCLE RELATION

The following symbols, shown in figure 1(d), are used in this

derivation:

r

V1
V2
w1
w3

e

radius of ball specimen and lower support balls

surface tangential velocity of test specimen at point of contact
tangentlal velocity of support balls

angular velocity of drive shaft

angular velocity of support balls around center of shaft axis
contact angle

The relative speed of the test specimen and the lower support

balls is derived as follows:

Vi = wpry (r{ = r cos @) -

V] = Wm1r cos @

V1
vy = 5 (ro = 2r cos )
oy = 2o 2
2= ro,  2r cos @
SRS
w2 4r cos @
®,T cos g
W2 = "Ir cos @
!
(D2=—4—

The relative angular veloclty of the upper ball to a lower ball is

w - Wy = 3m1/4. The upper ball receives 3/4 of a stress cycle per

revolution from each lower ball. Therefore, the number of stress cycles
per revolution equals 3/4 stress cycles per ball multiplied by 4 balls,
or 3 stress cyclesy that is, a point on the upper ball is stressed three
times per shaft revolution.
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| TABIE I. - ANALYSIS OF TEST MATERIALS
Material Analysis, percent by weight

c| P s |m |st|ce|v |v | M Ni [Co
AISI M-1 |0.80|0.004{0.007 [0.25 |0.32|3.76|1.15 [1.53|8. 54 |0. 07 |---
AISI M-50| .81| .004| .007 | .26| .1413.97|1.07| .014.29| .05 |-
Halmo .59| .005| .007| .31(1.10{4.79| .51 |--== 5,22 [~au= |-=-
WB-49 1.07| .006| .007| .30| .02|4.4 |2.0 l6.8 3.9 | .04]5.2



20

E-524

- s BT - B -
- i 0°S 89
0STT 1> S9
0021 T> 09 6v-aM
0s2T §20T 5201 utw 9 ‘gg3T| UTm 9 ‘G222| utw 9 ‘00ST +8 1> oe)
13T®S 19TBS 91%8
---- 0001 000T 4 1 7 29
---- 0S0T 0S0T 9°¢c 09 J—
-—-- 00TT 00TT 02T 0012 upw & ‘059T| L 0 g 9°2 63
TF0 19TeS
---- 000T 000T ; 4 4 ) 27 <9
5201 000T 000T -— 0°29
——-- 0S0T 0S0T 2°2 509 0S-W ISTV
---- 00TT «00TT 02T 0502 utw mm ‘0S¥t -8 8T 09
TTO 1378g
-—-- 000T 000T 4 A 4 ) 2°L 99
- 0S0T 0S0T | 2'c g*%9 T-W ISTY
m——— 00TT 00TT 02T 0022 utu £¢ ‘0SYT -8 8°2 29
ITTO 19788
dg do do WISV amtoa £q
‘(utw 0%) |¢(umw 02T) | (urw 02T) do do do ‘azs qusoxad -9
Jodway, pxg | Jeodway puz| xsdws] 3ST ‘youand ‘ezTqTUSTY ‘ygayaId ursxd f3qTUsgSNB| TTOAMOOY
JuSu}BeI3 3830 OT}TUSASNY| PIUTBIDY | ‘SASUPIBH|{ TBVTIIBH

INFWNIVENL IVAH NV SHIINHEIONd TVINELVW ISEL - °II FILVL

{ ‘umnosA uolgonpur ‘ssadcoxd FuT4TaN ]




A= T

o
LT A SN

TABLE III. - NONMETALLIC INCLUSION RATINGS
OF TEST MATERTALS

{ Jernkontoret charts (ASTM spec. E45-51).)

Material Thin series™ Thick series®

A B c D (Al B}|C;|D

AIST M-1 0 1.010 1.5 |0 |0 0 |0

AIST M-50 .5|1L5| .5)|2.0|0} .5| 0| .5

Halmo .512.0/ .5 (2.010 {0 0 .5
WB-49 1.510 0 1.0 | = |===] = |===
8Designation:

A sulfides

B aluminates

C silicates
D oxides

21
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Test ball

3
18

Air

nozzles

est

Vibration

ylinder

CD-5272

Test ball

(v) Schematic diagram, rolling-contact

fatigue spin rig.

(a) Cutaway view, rolling-contact fatigue

spin rig.

Figure 1. - Test apparatus.
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) ' v &) p—  Revolution
_counter

| Test speci;nen
assembly
(see f£ig. 1(d))

]
A
. (c) Five-ball fatigue tester.
. Figure 1. - Continued. Test apparatus.
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Separator

Support ball Test specimen

NN
N\

2
T2

[

Contact axis

(d4) Schematic diagram, five-ball fatigue tester.

Figure 1. - Concluded. Test apparatus.
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10-Percent fatigue life, millions of stress cycles
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Figure 7. - 10-Percent fatigue failure life as a function of hardness for four
alloy steels.
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Figure 9. - Tensile properties of three tool steels tempered
to various hardnesses {date from refs. 5 and 8).
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Figure 10. - Compressive propertiles of three tool

steels tempered to various hardnesses (data from

refs.

5 and 6).
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Figure 11. - Elastic modulus of three tool steels tempered

to various hardnesses (data from ref. 6).
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(a) Rockwell C-62, double temper (b) Rockwell C-64.5, double temper
2 hours at 1100° F. 2 hours at 1050° F.
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(c) Rockwell C-66, double temper
2 hours at 1000° F.

Figure 14. - Micros*tructure of AISI M-1 tool steel austenitized at 2200° F,
0il quenched, and tempered as indicated. X750, figure reduced 20 percent
in printing.
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(a) Rockwell c—so6 double temper (b) Rockwell C-60.5, double temper
2 hours at 1100° F. 2 hours at 1050° F.

C-52123

(c) Rockwell C-63, double temper
2 hours at 1000° F.

Figure 15. - Microstructure of AISI M-50 tool steel austenitized at 2050o F,
o1l quenched, and tempered as indicated. X750, figure reduced 20 percent
in printing.
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(a) Rockwell C-59, double temper (b) Rockwell C-60, double temper
2 hours at 1100° F. 2 hours at 1050° F.

C-52124

(c) Rockwell C-62, double temper
2 hours at 1000° F.

Figure 16. - Microstructure of Halmo tool steel austenitized at 2100O F,
0il quenched, and tempered as indicated. X750, figure reduced 20
percent in printing.
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